(10% volume/volume in PBS). Primary antibodies were investigated and treated in either paediatric or adult rabbit polyclonal antibody raised against amino acids nephrology units. In the current report we describe the 188-385 in the carboxyterminal domain of PAX2 used as clinical, radiological and histopathological features of previously described [18] ; a rabbit polyclonal IgG fraction a three-generation kindred with OFD1 and PKD raised against an epitope in the carboxyterminus of human aÂecting five females, two of whom have required renal WT1 protein (C-19: Santa Cruz Biotechnology, Inc., CA, replacement therapy.
USA) used as previously described [ 18] ; mouse monoclonal antibody to proliferating cell nuclear antigen (PCNA Ab-1; Oncogene Science Inc., Cambridge, MA, USA) used as Subjects and methods previously described [ 18] . PCNA is a DNA-polymerase dassociated protein expressed at high levels during S phase [19] . Primary antibodies were detected using a streptavidin Subjects biotin peroxidase system (Dako, ABC Kit) followed by diamino benzidine. Sections were counterstained with 0.5% The three-generation family which included five females methyl green for 10 min and washed three times with water aÂected by OFD1 and PKD (e.g. I-2; II-2 and II-4; III-1 and butanol, once in Histo-Clear for 10 min, and mounted and III-2) is depicted in Figure 1 . After the diagnosis of in DPX ( BDH, Poole, UK). They were examined on a Zeiss polycystic kidney disease in I-2, renal ultrasound were perAxiophot microscope (Carl Zeiss, 7082 Oberkochen, formed in her five children (II-2, II-4, II-6, II-8 and II-9) Germany). and, when II-2 and II-4 were found to be aÂected, their own
Lectin staining was performed as follows. After washing children (III-1, III-2, III-3 and III-4) had renal ultrasound in PBS for 5 min, sections were incubated in propidium scans. In those individuals found to have renal cysts, the iodide (PI ) with RNase A in PBS at 37°C for 30 min, and liver and pancreas were imaged to detect possible cystic then counterstained with FITC-conjugated Tetragonolobus involvement.
lotus ( pea asparagus) or Arachis hypogaea (peanut) lectins exactly as described [20] . These lectins bind to proximal Histochemistry tubules and distal segments (distal tubule and collecting ducts) respectively [21] . Sections were mounted in CitifluorTM Chemicals were obtained from Sigma (Poole, Dorset, UK ) (Chemical Labs, University of Kent, Canterbury, Kent, UK ) unless otherwise stated. Directly after autopsy, PKD kidneys and examined under fluorescence (wavelength 488 nm for from individual I-2 (see Figure 1 ) were fixed in 4% paraform-FITC and 568 nm for PI ) on a Leica confocal laser scanning aldehyde and embedded in paraÃn wax. Sections (10 mm) microscope ( Aristoplan-Leica, Heidelberg, Germany). were placed on glass slides and were dewaxed through HistoClear (National Diagnostics, Atlanta, USA) twice for 10 min, followed by dehydration through 100% ethyl alcohol twice Results for 5 min and then stepwise through 95%, 90%, 75%, 50% and 30% alcohol for 3 min each. They were further processed Clinical and radiological features of the aÂected memfor immunohistochemistry [18 ] . After washing in phosphate-bers are summarized in Table 1, renal histology of I-2 buÂered saline ( PBS, pH 7.4) for 5 min and tap water for is shown in Figures 2 and 3 , and selected dysmorphic 10 min, they were immersed in citric-acid buÂer ( 2.1 g/l, and ultrasonographic features of certain individuals pH 6.0 ) and boiled in a microwave for 8 min. They were are depicted in Figure 4 . allowed to cool, washed in tap water and PBS, then incubated in 3% hydrogen peroxide for 15 min to quench endogenous
The index case (I-2; Figure 1 ), presented in her fifth peroxidase activity. Non-specific antibody binding was decade with end-stage renal failure. She had a blocked by preincubation of the slides with fetal calf serum pseudocleft of the upper lip, a broad nasal bridge, and an asymmetrical face, characteristic features of OFD1. Ultrasound scan detected multiple bilateral renal cysts consistent with a diagnosis of PKD. She required dialysis and renal transplantation but subsequently died from a myocardial infarction. At autopsy her kidneys were polycystic with cysts <1 cm in diameter. Cysts were not noted in other organs. As expected for an 'end-stage' kidney, there was marked fibrosis between cysts ( Figure 2A and B) . Most cysts were lined by flat epithelial cells and were enclosed by fibrotic walls. In approximately 5-10% of such structures in any single section, a glomerular tuft was seen to be attached to the cyst lining (Figure 2A and B). A subset of nuclei in these tufts stained with antibody to WT1 ( Figure 2C ), consistent with identit- antibody to PCNA ( Figure 2D ), suggesting prolifera- tion. The majority (>90%) of cysts failed to stain with ated gene die before birth. As well as the dysmorphic features, mild to moderate learning diÃculties were either FITC-conjugated Tetragonolobus lotus and Arachis hypogaea lectins ( Figure 3A) , consistent with prominent in this OFD1 kindred.
All aÂected members had PKD as assessed by ultraa glomerular origin. Mildly dilated tubules of up to 100-200 mm were also noted ( Figure 2G and H ). These sound scans, although renal lengths were within normal limits and the contours were not irregular. Renal cysts stained with Arachis hypogaea lectin ( Figure 3B ) and never contained glomerular tufts, suggesting a distal were <1 cm across ( Figure 4E ) and were bilateral in all but II-2. At initial assessment at 15 years, III-1 was tubule rather than a glomerular origin. The epithelial cells which lined the distal tubule cysts stained with found to be in chronic renal failure, but the other three aÂected members ( II-2, II-4, and III-2) had normal PAX2 antibody ( Figure 2G and H ). Glomerular cysts did not express PAX2 ( Figure 2E and G), while dilated plasma creatinine levels. Within 2 years of diagnosis III-1 required treatment with chronic ambulatory peridistal tubules showed no immunoreactivity with WT1 antibody (data not shown). Up to 50% of nuclei in toneal dialysis and she is awaiting transplantation. We also detected multiple pancreatic cysts (<5 cm) in this dilated distal tubules stained with PCNA antibody (data not shown).
individual ( Figure 4F ) although she reported no symptoms of pancreatic disease. Ultrasound scans did not After presentation of the index case, her family were assessed clinically and by ultrasound scanning detect pancreatic cysts in other OFD1 individuals. ( Table 1 ) . Two ( II-2 and II-4 ) of her three daughters had dysmorphic features of OFD1 and two grandDiscussion daughters (III-1 and III-2) were similarly aÂected. Dysmorphic features included tongue tethering by frenulae, abnormal dentition and digital abnormalities OFD1 is a rare syndrome, occurring in approximately 1/250,000 live births [10, 11, 17 ] . The dysmorphology ( Table 1 and Figure 4A-D) . No live-born males in this kindred were aÂected by OFD1 (Figure 1 ) but there of OFD1 is characteristic, with facial features which include frontal bossing, facial asymmetry, hypertelorwas a family history of miscarriages in OFD1 individuals I-2, II-2, and II-4. The inheritance pattern in ism (widely spaced eyes), a broadened nasal bridge, and facial milia. Oral features include pseudoclefting this kindred is consistent with an X-linked dominant pattern in which female heterozygotes exhibit the clin-of the upper lip, cleft palate and tongue, high arched palate, tethering of the tongue (ankyloglossia) by frenuical syndrome whereas males who carry a single, mut- lae, together with abnormal dentition. Malformations kindred showed a complete concordance of PKD with the dysmorphic features of the syndrome, and additionof the digits of the hands are more common than those of the feet and include syndactyly (fusion), brachydac-ally the family demonstrates that end-stage renal failure can occur in either late childhood or adulthood. It is tyly (shortening), clinodactyly (curvature) and, less commonly, polydactyly (extra digits). It is notable that intriguing to speculate that variability in the severity of the kidney disease within this kindred (e.g. severe the dysmorphic features of OFD1 can vary within a kindred and be asymmetrical, and this has been attrib-in III-1 versus mild in her mother, II-2) might be explained by random X chromosome inactivation, uted to the generation of mosaics of somatic cells due to random X chromosome inactivation early in discussed above. Furthermore, the occurrence of unilateral PKD as detected by ultrasound scanning of II-2 embryogenesis [11, 17] . Central nervous system disease occurs in 40% of individuals aÂected by OFD1 with (see Table 1 ) might be explained by the same mechanism. Liver cysts have been previously documented in mental retardation, hydrocephalus, and agenesis of the corpus callosum [11, 15] . In this respect it is of note the syndrome [13] and our study suggests that multiple pancreatic cysts are another feature of OFD1, albeit that mild to moderate learning diÃculties were prominent in our kindred.
an inconstant one, occurring in 1/5 aÂected members in our kindred. While OFD1 is the commonest of a An association with PKD was first noted by Doege and colleagues in a member of a large OFD1 family group of eight oral-facial-digital syndromes which have overlapping dysmorphic features, PKD has only been [12 ] . Clearly, this single case could have been a chance association with, for example, ADPKD. With the reported in OFD1 [11 ] .
To our knowledge there have only been two previous increasing use of high-definition renal ultrasound scanning, however, it has become increasingly apparent original reports of OFD1 renal histology published in the English literature, and both cases were not apparthat PKD is a common accompanying feature of OFD1 [13] [14] [15] [16] , although the incidence of PKD in a ently part of OFD1 kindreds [13, 22] . One was a female who developed renal failure in the second decade [13 ] , large series of OFD1 patients has yet to be reported. The kidneys may be of normal length, as in the kindred while the other was an XY male neonate with massively dilated kidneys and lung hypoplasia who died hours in the current report, or palpably enlarged [15]. Our after birth [22] . The latter case is extraordinary because mutated, OFD1 gene [12, 17] [17] . Both previous At the time of writing, the specific mutation is reports noted a predominance of glomerular cysts as undefined but, based on the clinical phenotype of assessed by gross histological appearances. Our study syndrome, the wild-type gene is likely to code for a confirms this impression and adds new histochemical protein which aÂects the development of the face, insights, discussed below. Glomerulocystic kidneys mouth, digits, and central nervous system as well as have been found to occur in a variety of renal diseases the biology of epithelia in the kidney, pancreas, and including non-syndromic glomerulocystic diseases liver. Moreover, the OFD1 gene appears to be essential (which may be sporadic or familial ), tuberous sclerosis, for life in utero as assessed by the in utero death of brachymesomelia-renal syndrome, the short rib poly-males carrying the mutated gene. dactyly syndromes, Jeune asphyxiating thoracic dysThese observations have important implications for trophy syndromes, Zellweger hepatorenal syndrome genetic counselling of PKD patients with OFD1. In and familial juvenile nephronophthisis, as well as in an established kindred with OFD1, an aÂected female trisomies 9, 13 and 18 [ for reviews, see [23] [24] [25] .
will transmit the mutation to 50% of her female Although glomerular cysts can also occur in progeny and these heterozygotes will exhibit the clinical ADPKD, the histology is usually dominated by cysts syndrome. Essentially all live-born boys will be normal of tubular origin [23] [24] .
because males who harbor a mutated OFD1 gene In our OFD1 patient (I-2) in which the kidneys would be expected to die in utero [11, 12, 17] . In addition were examined by histology, the majority of renal cysts 50% of female siblings of an index case will carry the failed to stain with lectins which bind to proximal and mutation, while all living brothers will be unaÂected. distal tubules, and some contained tufts with capillary The probability that an individual with sporadic OFD1 loops surrounded by cells staining for WT1, a protein will produce aÂected oÂspring is currently unknown, expressed by podocytes in the postnatal kidney [18] . but we suggest such patients should be counselled as These data demonstrate that these cysts are of glomer-in familial cases. This outlook is clearly very diÂerent ular origin. However, a minority of smaller cysts from the ADPKDs in which mutations are also inherstained with Arachis hypogaea lectin, indicating an ited in a dominant manner but male and female origin in distal tubules. This observation is important oÂspring are aÂected in equal measure because of the because it suggests that the (as yet unknown) OFD1 autosomal localization of the PKD1 and PKD2 genes gene product plays a biological role in distal as well [1, 2] . Finally, multiple renal cysts also occur in tuberas glomerular epithelia. We have previously reported ous sclerosis and von Hippel-Lindau disease; both that <1% of nuclei in normal postnatal glomeruli or entities can be inherited in an autosomal dominant tubules are PCNA positive [18] , yet we detected prolif-manner but each has well-described clinical features eration in approximately 50% of cells within glomerular which allow discrimination from both OFD1 and the tufts attached to OFD1 cyst walls. Deregulated prolif-ADPKDs [3] [4] [5] [6] . eration might therefore be important in the genesis of In summary, clinically significant PKD can occur in OFD1 renal cysts, and it is notable that epithelial OFD1. Although the renal disease superficially hyperproliferation has been implicated in a variety of resembles ADPKD with macroscopic cysts and dominhuman and animal models of PKD [26 ] . We previously ant inheritance, OFD1 PKD kidneys are usually of reported that the PAX2 transcription factor protein is normal size and contour, the renal histology shows a barely detectable by immunohistochemistry in mature predominance of glomerular cysts, and the specific human kidneys [18 ] , but in this study we found that inheritance pattern is X-linked with practically all PAX2 was strongly expressed by epithelia lining distal aÂected males dying before birth. The recognition of tubule OFD1 cysts. PAX2 is highly expressed by the accompanying dysmorphic features is the key to a proliferating distal tubule precursor cells in human diagnosis of OFD1 in a female child or adult who fetal kidneys, in cysts of human dysplastic kidneys [18 ] presents with PKD. In particular, the diagnosis should and in Wilms' tumours [27]; furthermore, overexpresbe suspected in PKD kindreds in which only females sion of PAX2 causes renal cysts in transgenic mice are aÂected. Finally, we recommend that all children [28 ] . Conversely, we found that PAX2 was not with the dysmorphic features of OFD1 are followed expressed in OFD1 glomeruli, suggesting that other up with renal ultrasound scans and simple measures factors must drive proliferation in those structures. In of renal function (e.g. blood pressure and plasma future, it would be interesting to examine histology of creatinine) in order to detect PKD and its clinical other OFD1 patients who have PKD but are not in consequences. severe renal failure.
Approximately 75% of OFD1 cases are sporadic and these occur almost exclusively in females [10] [11] [12] 17] .
